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1. Abstract 
Based on the technique of periodically poled lithium niobate (PPLN) waveguide, up-conversion 
single-photon detection at 1.064-μm is demonstrated. We have achieved a system photon detection 
efficiency (DE) of 32.5% with a very low noise count rate (NCR) of 45 counts per second (cps) by 
pumping with a 1.55-μm-band single frequency laser using the long-wavelength pumping technique 
and exploiting volume Bragg grating (VBG) as a narrow band filter. Replacing the VBG with a 
combination of adequate dielectric filters, a DE of up to 38% with a NCR of 700 cps is achieved, 
making the overall system more stable and practical. The up-conversion single-photon detector (SPD) 
operating at 1.064 μm can be a promising robust counter and find usage in many fields. 
 
2. Introduction 
 
Various SPDs working at different spectral windows have been developed, including silicon avalanche 
photodiode (APD) [1-3], InGaAs/InP APDs [4, 5], up-conversion SPD [6, 7], and superconducting 
SPD [8, 9]. SPDs have extensive applications in quantum communication systems [10], optical time 
domain reflectrometry (OTDR) [11, 12], single-photon-level spectrometer [13, 14], high resolution 
imaging in astronomy [15] and so forth.  
On the other hand, 1.064-μm band is useful in a wide range of applications, such as lidar [16], deep 
space optical communication [17, 18] and biomedical spectroscopy [19], attributing to the 
corresponding commercial lasers with many advantages of high power, well-developed technology and 
compact configuration. Generally, the above applications are always in need of sensitive receivers 
since the back-scattered light is extremely weak. Therefore, SPDs operating at 1.064-μm band are 
much in demand. However, the 1.064-μm band is an awkward detection band because it is at the 
low-response regime of both silicon and InGaAs/InP APDs. The bandgap of silicon is 1.12 eV, making 
the absorption and the photo-response curve decrease precipitously for wavelength around 1 μm, while 
InGaAs/InP APDs are generally designed for telecom band near 1.55 μm. All the traditional 
commercial detectors are reported with a DE of < 5% at 1.064 μm [20, 21]. 
Due to the importance and necessity of single-photon detection at the 1.064-μm band, the enhanced 
InGaAs/InP APDs are invented. A DE of 10% and a NCR of 1000 cps are achieved in experiments [22]. 
ID400 advanced single-photon detection system, which is a commercial product, has a DE of 30% with 
a NCR of 2000 cps [23]. Although the enhanced InGaAs/InP APDs have good performance, the dead 
time of microsecond level limits the count rate.  
The superconducting SPD has impressive performance with a DE of up to 40%, while the NCR is 
up to 27000 cps [24]. Moreover, the need for cryogenic cooling and exquisite temperature control may 
limit its wide use [8, 9]. 
Alternatively, up-conversion SPD is a promising technique to extend the detection range of 
well-developed silicon APD to near-infrared band. In literature, using bulk crystal PPLN device and 
1.55-μm pulse pump, an up-conversion system at 1.06-μm band was demonstrated with a NCR of 150 
cps at the expense of DE [25]. We can improve the performance of up-conversion SPD at 1.06-μm 
band by using PPLN waveguide devices. 
Room-temperature waveguide-based up-conversion SPD for the communication wavelength signal 
around 1550 nm can have a DE higher than 40% [26], a NCR as low as 100 cps [27], and a dead time 
of nanosecond level [28]. The key for high performance up-conversion SPD is to obtain ultra-low noise. 
The noises in waveguide devices mainly come from the spontaneous parametric down-conversion 
(SPDC), spontaneous Raman scattering (SRS), parasitic noises caused by imperfect periodic poling 
structure and second and third harmonic generation (SHG and THG) when the strong pump goes 
through the waveguide. The long-wavelength pumping technique can eliminate the noise caused by 
SPDC and dramatically reduce the noise caused by SRS [29]. By using narrow-band filters, the SHG 
and THG of the pump can be blocked, the remnant SRS noise and parasitic noises can also be 
controlled because the NCR is proportional to the bandwidth of the filters [27, 30]. 
In our work, the signal photons at 1.064 μm are launched into a reverse-proton-exchanged (RPE) 
PPLN waveguide, pumped by a 1.55-μm single frequency laser and up-converted to photons in the 
visible band that are then detected with silicon APD. Using VBG as a narrow-band filter, an 
up-conversion SPD working at free-running mode has showed an ultra-low NCR of 45 cps. 
 
3. Waveguide characterization and experimental setup 
 
We fabricate RPE PPLN waveguides [31] for sum-frequency generation (SFG) of 1.55-μm pump and 
1.064-μm signal. The total length of the waveguides is 52 mm and the length of the 
quasi-phase-matching (QPM) gratings with a QPM period of 10.2 μm is 48 mm. The mode filter at the 
input port of the waveguides is designed to maximize the coupling with the HI1060 optical fiber, and 
the fiber-pigtailing loss is ~1 dB. The input and output end faces of the waveguides are anti-reflection 
(AR) coated for both the signal and the sum-frequency wavelengths to eliminate the Fresnel reflection 
loss. The waveguides have a propagation loss of < 0.2 dB/cm at 1.55 μm measured with the 
Fabry-Perot fringe-contrast method [32]. 
The SFG tuning curve for a typical waveguide is shown in Fig. 1(a). The signal wavelength is fixed 
at 1.064 μm and the pump wavelength is swept around 1550 nm. The phase-matching wavelength is 
1546.7 nm at room temperature with a full width at half maximum (FWHM) of 0.5 nm. The SFG 
photon conversion efficiency as a function of pump power [33] is shown in Fig. 1(b). The maximum 
conversion efficiency is obtained when the pump power at the input port of the PPLN waveguide is 85 
mW, corresponding to a normalized conversion efficiency [26] of  2126% / W cm . 
A schematic diagram of our experimental setup is shown in Fig. 2.  
A continuous-wave (CW), tunable external cavity diode laser (ECDL) is utilized as the pump seed 
source. The seed is amplified by an erbium-doped fiber amplifier (EDFA) which produces a maximum 
power of 200 mW at ~1.55 μm. Any unwanted photons at 1.064 μm and 0.631 μm generated in the 
EDFA are removed using a 1.064-μm/1.55-μm wavelength division multiplexer (WDM) with isolation 
of ~35 dB and a 0.631-μm/1.55-μm WDM with isolation of ~20 dB. 
The 1.064-μm signal, which is one-million photons at the input port of the WDM with a power of 
-97.28 dBm, is provided by a single-frequency CW laser together with two variable optical attenuators 
[28]. A 1/99 beam splitter and a calibrated power meter are employed to monitor the input signal 
power.  
As RPE waveguides support only TM-polarized modes, polarization controllers are used to adjust 
the polarization of both the signal and the pump beams. The single photon source is combined with the 
pump in a 1.064-μm/1.55-μm WDM whose output is connected to the fiber-pigtailed PPLN waveguide. 
The working temperature of the waveguide is kept at 38 ℃ by a thermoelectric cooling (TEC) system 
to maintain the phase-matching condition.  
The up-converted photons and the remnant pump are collected by an AR-coated aspheric lens (AL), 
and then the remnant pump is removed by a dichroic mirror (DM). 
   The VBG-filtering scheme is shown in Fig. 2(b). A VBG with 85% reflection efficiency and 
0.05-nm bandwidth in the 631-nm band can dramatically reduce the SRS noise and parasitic noises. A 
631-nm band-pass filter (BPF) with 2.4-nm bandwidth is employed to block the SHG and THG of the 
pump and further suppress the parasitic noises. Then, the SFG photons are collected by an AR-coated 
AL. VBG-based up-conversion SPD has high performance while it may not be practical in field 
because VBG has critical position and angular tolerances, raising stability issues [27, 28]. 
The BPFs-filtering scheme is shown in Fig. 2(c). Four 631-nm BPFs are used to filter the noise 
photons generated by the strong pump, including the SHG and THG of the pump and the parasitic 
noises. Then, a 631-nm collimator and a piece of multimode fiber are used to collect the SFG photons. 
By optimizing the filtering system in this scheme with a special coating design, BPFs-based 
up-conversion SPD can form a robust all-fiber system and is easy to integrate [28].  
Finally, the up-converted photons are detected by a silicon APD, which has a DE of approximately 
70% at 631 nm and an intrinsic noise count rate of 20 cps. 
 
4. Up-conversion single-photon detection performance 
 
We tune the pump power and record the DE and NCR accordingly. The system DE is obtained by 
dividing the number of detected counts after NCR subtraction by one million, which is the signal 
photon count before entering the WDM. Curves of DE and NCR versus pump power for the two 
different filtering schemes are shown in Fig. 3.  
VBG has a filtering bandwidth much narrower than that of BPFs, therefore the VBG-based 
up-conversion SPD has an ultra-low NCR of 45 cps for the maximum DE of 32.5%. The greatest 
strength of our SPD is its low noise-equivalent-power (NEP) [26]. When the NCR is reduced to the 
silicon APD’s intrinsic count rate of 20 cps by lowering the pump power, the DE is still 26.5%, 
corresponding to a NEP of -143.5 /dBm Hz . 
The ultra-low NCR of the VBG-based up-conversion SPD benefits from the great signal-pump 
frequency difference of 2946.9 1cm  and the narrow band filters. Large signal-pump frequency 
difference means very weak anti-Stokes SRS noise [29]. The narrow band filters can reduce the 
nonlinear noise efficiently without sacrificing DE. The noises from SHG and THG of the pump are 
removed by the BPF. In addition, by the narrow-band filtering of the VBG with a bandwidth of 
0.05-nm at the 631-nm band, SRS noise and parasitic noises are greatly eliminated.  
The BPFs-filtering scheme allows a higher DE at the cost of a higher NCR. The BPFs-filtering 
scheme has a maximum DE of 38% with a NCR of 700 cps, i.e. a NEP of -137.4 /dBm Hz . The 
filtering system in this scheme can be integrated as a fiber filter and make the overall system more 
stable and practical in field [28].  
The measured DE is consistent with our estimations by combining the throughput of each 
component, as shown in Table 1. Combining with the silicon APD’s DE of ~70%, the theoretical DE of 
the VBG and BPFs filtering schemes are consistent with our experimental results. 
Table 1. Loss and throughput of the up-conversion SPD components 
Component Loss(dB) Throughput 
WDM 0.3 93% 
Waveguide 1.9 65% 
VBG filtering system 1.14 77% 
BPFs filtering system 0.45 90% 
 
5. Conclusion 
 
We have demonstrated an up-conversion detector for the 1.064-μm band using RPE PPLN waveguide. 
Two kinds of filtering schemes are investigated, achieving either ultra-low noise and adequately high 
DE for high-standard experimental demand or high DE with adequately low NCR for field use. It is 
conceivable that our up-conversion SPD at 1.064-μm has potential applications in many fields, such as 
single photon imaging, atmospheric research, and medical devices. In the following research, the 
1.064-μm single photon detector would be applied in photon radar experiments for atmosphere 
visibility and wind speed detection. 
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 Fig. 1. (a) Tuning curve; (b) Measured SFG photon conversion efficiency (black diamonds) and theoretical fit (red line). 
 
 
Fig. 2. (a) Schematic diagram of the up-conversion SPD at 1.064 um. The waveguide output is filtered by (b) a VBG and a BPF 
or (c) four BPFs. EDFA, erbium-doped fiber amplifier; WDM, wavelength division multiplexer; PC, polarization controller; 
VOA, variable optical attenuator; BS, beam splitter; PM, power meter; AL, aspheric lens; DM, dichroic mirror; VBG, volume 
Bragg grating; M, mirror; BPF, band-pass filter; Si APD, silicon avalanche photodiode; MM fiber, multimode fiber. 
 
 
Fig.3. DE (red line, triangle) and NCR (blue line, square) versus pump power with two different filtering schemes. (a) VBG 
filtering, (b) BPFs filtering. 
